
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

0/
31

/2
02

5 
9:

49
:0

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Photocatalytic 1,
aDepartment of Chemistry, Korea Advanc

(KAIST), Daejeon, 34141, Korea. E-mail: hon
bCenter for Catalytic Hydrocarbon Functiona

Daejeon 34141, Korea

† Electronic supplementary information (
characterization of new compounds (1

https://doi.org/10.1039/d4sc06723a

Cite this: Chem. Sci., 2024, 15, 20433

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 4th October 2024
Accepted 12th November 2024

DOI: 10.1039/d4sc06723a

rsc.li/chemical-science

© 2024 The Author(s). Published by
3-oxyheteroarylation of aryl
cyclopropanes with azine N-oxides†

Doyoung Kim, ab Hyewon Ju,ab Wooseok Leeab and Sungwoo Hong *ab

Cyclopropanes, valuable C3 building blocks in organic synthesis, possess high strain energy and inherent

stability. We present an efficient, environmentally benign 1,3-oxyheteroarylation of aryl cyclopropanes

using azine N-oxides as bifunctional reagents under visible light irradiation. This metal-free method

yields b-pyridyl ketones under mild conditions. Mechanistic studies reveal a photo-induced radical

pathway involving single-electron oxidation of both aryl cyclopropanes and azine N-oxides, followed by

stepwise ring opening. The dual oxidation mechanism accommodates diverse cyclopropane and azine

N-oxide combinations based on their oxidation potentials. This green chemistry method enhances the

synthetic utility of aryl cyclopropanes while introducing an efficient strategy for their difunctionalization.

The methodology aligns with sustainable organic synthesis principles, offering an environmentally

conscious route to valuable synthetic intermediates.
Introduction

Cyclopropane, with its high strain energy and bench stability,1

has been a versatile component in organic synthesis for
decades.2 Extensive research has focused on utilizing cyclopro-
pane as a C3 building block to develop new skeletal structures
through ring-opening/1,3-difunctionalization reactions. These
studies have evolved from traditional strategies, such as acti-
vating cyclopropane's C–C bond via Lewis acid or transition
metal coordination, to more recent approaches.3 Recent
advances in photochemistry have opened up promising avenues
for creating new reactivity,4 including the induction of C–C
bond cleavage.5 Notably, several studies have successfully
demonstrated the ring-opening of electronically unbiased aryl
cyclopropanes through single-electron oxidation under visible
light.6 In this approach, electron-rich cyclopropyl arenes are
oxidized by excited photocatalysts, forming aryl cyclopropane
radical cations. These reactive species can undergo nucleophilic
addition,7 facilitating attack on the weakened C–C bond and
enabling ring opening and functionalization under environ-
mentally friendly conditions.

Despite this signicant advance, important limitations
remain. The approach is currently restricted to electron-rich aryl
cyclopropanes, as electron-decient variants are inadequately
oxidized by the photocatalyst.6g,8a,c,d Moreover, the scope of
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functional groups capable of reacting with the benzylic radical
intermediate has been restricted, typically resulting in products
with hydrogen or oxygen substituents at the benzylic position
and C–C bond formations are rarely reported.8 Notably, the
incorporation of heteroaryl groups at benzylic radicals gener-
ated by such ring-opening reactions has not been reported,8d

presenting an opportunity to expand the synthetic utility of aryl
cyclopropanes in photocatalytic processes (Fig. 1a).

To address these challenges, we envisioned a strategy
utilizing the direct oxidation of azine N-oxides by an excited-
state photocatalyst to generate O-centered radicals.9 We
hypothesized that these O-radicals could enable a previously
inaccessible 1,3-functionalization with a broader range of aryl
cyclopropanes, including electron-decient variants. Herein, we
present an efficient and environmentally benign method for the
1,3-oxyheteroarylation of various aryl cyclopropanes utilizing
azine N-oxides as bifunctional reagents under visible light
irradiation. Our approach leverages the ability of both aryl
cyclopropanes and azine N-oxides to undergo photo-induced
single-electron oxidation, generating their respective radical
cations (Fig. 1b). The reaction proceeds based on the oxidation
potentials of the substrates, allowing for a wide range of
applications.8c,9c,d This method yields b-heteroaryl ketones,
offering an efficient strategy for functionalizing these valuable
building blocks. Our approach operates under mild conditions,
utilizing visible light and azine N-oxides as bifunctional
reagents, eliminating the need for harsh reagents or toxic metal
catalysts. This method enhances the utility of aryl cyclopro-
panes as synthons for b-heteroaryl ketones, providing an effi-
cient route to important building blocks and valuable synthetic
intermediates.
Chem. Sci., 2024, 15, 20433–20439 | 20433
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Fig. 1 Overview of photoredox-catalyzed 1,3-functionalization of aryl
cyclopropanes. (a) Limitations of previous approaches. (b) This work.

Table 1 Optimization for the reaction conditionsa

Entry Variations Yieldb

1 None 79% (78%)c

2 tBuOOH, (PhS)2 instead of Py-F 55%, 27%
3 PC-2, PC-3 instead of PC-1 75%,d 7%d

4 Acetone, DMSO, n-pentane instead of MeCN 78%, trace, 16%
5 H2O (20 mL of), under open air 66%, 56%
6 No Py-F under Ar, air, O2 9%, 21%, n.d.
7 No PC, light Trace

a Reaction conditions: 1a (0.05 mmol), 2a (1.5 equiv.), PC (5 mol%),
oxidant (1.0 equiv.) in solvent (0.5 mL) under irradiation with 440 nm
LEDs (30 W) at rt for 1 h under argon atmosphere. b Yields were
determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene
as an internal standard. c Isolated yield. d 2 mol% of PC used.
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Results and discussion

We evaluated pyridine N-oxide's efficacy as a nucleophile for
aryl cyclopropane ring opening using 1,2-diphenylcyclopropane
(1a) and 2-phenylpyridine N-oxide (2a) as model substrates
under visible light irradiation with a photocatalyst (Table 1).
Optimal conditions were identied: 9-mesityl-10-
methylacridinium perchlorate (PC-1) as photocatalyst and 1-
uoro-2,4,6-trimethylpyridinium triate (Py-F) as oxidant in
acetonitrile under blue light, yielding 79% of the 1,3-oxy-
heteroarylated product (entry 1). Bond formation preferentially
occurred at the C6 position of the pyridine core over the C4
position. Alternative oxidants like tBuOOH and (PhS)2 reduced
yields (entry 2). Additionally, during our systematic oxidant
screening studies, we consistently observed the formation of
alcohol as a side product (up to 15% yield). When using Py-F,
less than 5% of this byproduct is generated in trace amounts
(Table S1†). Iridium catalyst PC-2 gave comparable yields, while
PC-3 showed poor reactivity (entry 3). Moderately polar solvents
such as acetone performed well, but polar aprotic solvent
(DMSO), nonpolar aprotic solvent (pentane) inhibited the
reaction (entry 4). The reaction tolerated water and air,
achieving 66% and 56% yields respectively (entry 5). Using O2

from ambient air as the oxidant led to modest product forma-
tion, while the reaction was completely suppressed under pure
oxygen atmosphere, suggesting that excessive oxygen may
deactivate the photocatalytic cycle through quenching
processes (entry 6, Table S5†). Control experiment indicate that
the both the photocatalyst and light are essential for the reac-
tion (entry 7).
20434 | Chem. Sci., 2024, 15, 20433–20439
When performed on a larger scale (5.2 mmol), the reaction
afforded the desired product in comparable yield. The substrate
scope was investigated under optimized conditions. Various
azine N-oxides afforded 1,3-oxyheteroarylated products (Table
2). Simple pyridine N-oxide demonstrated good reactivity (3b).
2-Substituted pyridine N-oxides performed well with both
electron-withdrawing (halogens and CF3) and electron-donating
(methoxy) groups (3c–3e). N-Oxides with aryl substituents at the
pyridine C2 position showed high efficiency, regardless of
electronic properties (3f and 3g). Notably, N-oxides with alkyl
substituents at the pyridine C2 position exhibited particularly
high reactivity (3h). Bipyridine, commonly used as a ligand, also
provided satisfactory results (3i), while moderate conversion
was observed with a thiophene-containing substrate (3j).
Substituted pyridine N-oxides with aryl or alkyl groups at the C4
position performed well (3k and 3l). Efficient conversions were
also achieved with electron-withdrawing groups, demonstrating
broad functional group tolerance (3m and 3n). For 3-substituted
pyridine N-oxides bearing amide (3p) or phenyl (3q) groups,
radical addition preferentially occurs at the C6 position due to
signicant steric hindrance. In contrast, with 3-uorine
substituted pyridine N-oxide (3o), electronic effects dominate
the regioselectivity, favoring addition at the more electrophilic
C2 position. The reaction was successful with various azine N-
oxides including pyrimidine, pyridazine, quinoline, and qui-
noxaline (3r–3u). For pyrimidine N-oxide, bond formation
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Azine N-oxide scopea

a Reaction conditions: 1a (0.05 mmol), 2 (1.5 equiv.), [Mes-Acr]+ (5 mol%), Py-F (1.0 equiv.) in MeCN (0.5 mL) under irradiation with 440 nm LEDs
(30 W) at room temperature for 1 h under argon atmosphere. Regioisomeric ratios were measured by 1H NMR spectroscopy. Isolated yield. a 3 h for
reaction time. b 18 h for reaction time.
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favored the C4 position (3r). N-Oxides containing three rings,
such as phenanthridine (a DNA intercalating agent), also
demonstrated good efficiency (3v and 3w). Late-stage function-
alization was performed on several biorelevant azine N-oxides.
Derivatives of pyriproxyfen and vismodegib showed good reac-
tivity (3x and 3z), with excellent conversion obtained from
© 2024 The Author(s). Published by the Royal Society of Chemistry
bisacodyl-derived N-oxide (3y). Quinoxyfen and roumilast
derivatives also performed well (3aa and 3ab).

A broad substrate scope was obtained from various cyclo-
propanes (Table 3). Diphenyl cyclopropane 1a exhibited excel-
lent reactivity in both cis and trans forms, even at large scale
(3a). Symmetric diaryl cyclopropanes generally showed good
Chem. Sci., 2024, 15, 20433–20439 | 20435
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Table 3 Cyclopropane scopea

a Reaction conditions: 1 (0.05 mmol), 2a (1.5 equiv.), [Mes-Acr]+ (5 mol%), Py-F (1.0 equiv.) in MeCN (0.5 mL) under irradiation with 440 nm LEDs
(30 W) at room temperature for 1 h under argon atmosphere. Regioisomeric ratios were measured by 1H NMR spectroscopy. Isolated yield. a 3 h for
reaction time. b PC-2 (2 mol%), acetone (0.5 mL) were used. c PC-3 (2 mol%), (4-OMePhS)2 (50 mol%), DCM (0.5 mL) were used.
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efficiency. Notably high conversions were observed for those
with halogens at the para position (4a and 4b). Substrates
bearing bulky t-butyl groups and electron-rich phenoxy and
20436 | Chem. Sci., 2024, 15, 20433–20439
acetyl groups exhibited excellent reactivity (4c–4e). Notably,
good conversions were also achieved with electron-withdrawing
groups such as ester, triuoromethyl, and cyano suggesting
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Proposed reaction mechanism.
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limited electronic inuence at the para position (4f–4h). This
clearly demonstrates that the reaction proceeds successfully
even in electron-decient cyclopropanes, where oxidation was
previously ineffective in existing studies.

Symmetric diaryl cyclopropanes with ortho andmeta halogen
substitutions underwent efficient reactions (4k and 4l). Cyclo-
propanes containing Bpin and aryl silane, common coupling
partners, performed well (4i and 4j). Those with quinoline and
piperonyl moieties, frequently observed in biomolecules, also
reacted well, demonstrating tolerance to diverse chemical
moieties (4m and 4n). Efficient conversion was achieved with
CF3-substituted pyridine N-oxide and an electron-decient,
triuoromethyl-substituted diaryl cyclopropane (4o). Notably,
substrates like this triuoromethyl-substituted diaryl cyclopro-
pane typically possess higher oxidation potentials, making
them resistant to oxidation.

The successful transformation of such a challenging
substrate underscores the robustness of this method. Unsym-
metric diaryl cyclopropanes showed good reactivity, with
excellent conversions observed for phenyl rings substituted
with methoxy, ester, or triuoromethyl groups (4p–4s). When
electron-donating and electron-withdrawing groups were on
different rings, good efficiency and improved regioselectivity
were observed, indicating that the electronic difference between
the two rings can inuence the regioselectivity of the reaction.6d

The substrate scope extended to unsymmetric aryl alkyl
Fig. 2 Control experiments and mechanistic studies. (a) Radical trapping
ketone. (c) Stern–Volmer quenching experiments.

© 2024 The Author(s). Published by the Royal Society of Chemistry
cyclopropanes. Alkyl substituents containing undecyl, homo-
benzyl, and cyclopropyl showed good conversion (4t–4x). For
molecules with two cyclopropyl rings, ring-opening occurred
selectively at the aryl-substituted ring. Dimethyl-substituted
cyclopropane, which cannot form a ketone, yielded alcohol as
the product (4y). Late-stage functionalization of biorelevant
cyclopropanes derived from tropicamide, galactopyranose, and
urbiprofen showed good conversions (4z–4ab).

To elucidate the reaction mechanism, a series of experi-
ments were conducted. Control experiments ruled out a two-
electron pathway involving nucleophilic addition by the N-
experiments with TEMPO. (b) Oxidation of the alcohol intermediate to

Chem. Sci., 2024, 15, 20433–20439 | 20437
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oxide (Table 1, entry 7). The reaction was inhibited by the
radical trapping agent TEMPO, with HRMS detection of
a TEMPO adduct conrming a radical pathway (Fig. 2a). Light
on-off experiments revealed no additional product formation in
the absence of light, suggesting that a radical chain mechanism
is unlikely to be operative in this system (Fig. S5†). To investi-
gate the potential oxidation of the in situ generated alcohol
intermediate to a ketone, we explored various reaction condi-
tions (Fig. 2b). Our experiments revealed that with only the
photocatalyst present, ketone conversion was minimal. Simi-
larly, in the presence of pyridine N-oxide 2a alone, the conver-
sion remained minimal and correlated with the amount of
photocatalyst used. Notably, without the photocatalyst, no
conversion occurred. Interestingly, when Py-F was introduced to
the reaction, we observed a 27% yield of 3a, accompanied by
a signicant reduction in the alcohol intermediate. Under our
standard conditions, which included Py-F, 3a was produced
with a 78% yield, and the alcohol 5a was almost entirely
consumed. These observations suggest that the alcohol
compound may function as an intermediate in the reaction
pathway. The necessity of both the photocatalyst cycle and N-
oxide for effective conversion indicates that N-oxide plays
a crucial role in the oxidation of alcohol to the ketone product.
Stern–Volmer quenching experiments identied which
substrate undergoes radical initiation upon light exposure.
Cyclic voltammetry was then employed to determine the
oxidation potentials of the substrates (Fig. 2c and S16–S19†).
Both 1a and 2a were found to quench the photocatalyst.
Subsequent quenching measurements involving electron-
decient cyclopropane and N-oxide revealed ineffective photo-
catalyst quenching. However, successful synthesis of products
from combinations such as 1a with 2d and 1h with 2a suggests
two concurrent pathways: (1) ring opening through an SN2
reaction of the pyridine N-oxide with the cyclopropane radical
cation formed by cyclopropane oxidation, and (2) ring opening
through an SH2 reaction involving the O-centered radical
generated by pyridine N-oxide oxidation.

Based on the experimental results and previous literature,6,8

we propose two distinct mechanisms (Fig. 3). Initially, photo-
excitation of the photocatalyst facilitates single-electron oxida-
tion of either the cyclopropane or the pyridine N-oxide.
Nucleophilic attack by the pyridine N-oxide 2a on the oxidized
cyclopropane intermediate or the O-centered radical of N-oxide
to cyclopropane results in cleavage of the C–C bond, forming
intermediate Int 1. The common pathway proceeds with the
benzylic radical in Int 1 adding to the C-6 position of the pyri-
dine ring, leading to cyclization and formation of Int 2.9a,10

Subsequent N–O bond cleavage and rearomatization produce
Int 3, which undergoes intermolecular HAT or 1,2-HAT to form
Int 4.11 Finally, oxidation of the benzylic radical by the pyridine
radical cation yields a benzylic cation, which forms the ketone
product 3a through further deprotonation. In an alternative
mechanism, the formation of Int 3 proceeds as before (Fig. S20
in the ESI†). However, instead of undergoing 1,2-HAT, Int 3 is
reduced by the PC radical, resulting in the formation of the
alcohol intermediate. Concurrently, from the second PC cycle,
the O-centered radical N-oxide is regenerated. This radical acts
20438 | Chem. Sci., 2024, 15, 20433–20439
as anHAT catalyst, facilitating the conversion of alcohol to Int 4.
Finally, Int 4 is oxidized to yield the ketone product 3a.

Conclusions

In summary, we have successfully demonstrated the visible
light-mediated ring opening of aryl cyclopropanes, yielding 1,3-
oxyheteroarylated products. This method offers several signi-
cant advantages, including the functionalization of aryl cyclo-
propanes under mild conditions and broad tolerance for
diverse functional groups. The sustainability of this approach is
enhanced by the use of readily accessible azine N-oxides, which
function as efficient bifunctional reagents. Mechanistic studies
reveal that both aryl cyclopropane and azine N-oxides can
quench the photocatalyst through distinct pathways, conrm-
ing the involvement of radical processes in this reaction. This
efficient approach not only expands the synthetic utility of aryl
cyclopropanes but also aligns with the principles of green
chemistry, offering a sustainable pathway for the synthesis of
complex molecular scaffolds. The method's efficiency, mild
conditions, and use of visible light as an environmentally
benign energy source represent a signicant advancement in
sustainable organic synthesis.
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